Abstract. The transformation of prostate cancer from an androgen-dependent state to an androgen-independent state is a lethal progression. Alterations in transcriptional programs are the basis of prostate cancer deterioration. The androgen receptor (AR), a member of the nuclear hormone receptor superfamily, mediates prostate cancer progression by functioning primarily through the ligand-activated transcription of target genes. Therefore, a detailed map of AR-regulated genes and AR genomic binding sites is required for hormone-naive and castration-resistant prostate cancer. Through the use of chromatin immunoprecipitation in combination with direct sequencing, 4,143 AR binding sites were defined in the LNCaP androgen-sensitive prostate cancer cell line. Using the same method, 2,380 AR binding regions were identified in the LNCaP-AI long-term androgen-deprived cell line. Approximately 8.5% (354/4,143) of the binding regions were mapped to within 2 kb of the transcription start site (TSS) in the LNCaP cells, while ~12.6% (299/2,380) were mapped to within 2 kb of the TSS in the LNCaP-AI cells. In total, the study mapped 2,796 genes in LNCaP cells and 1,854 genes in LNCaP-AI cells. The cell lines shared 789 mutual genes. In addition, gene ontology (GO) analysis of the genes revealed that there was a notable overlap between the GO terms in the LNCaP cells and LNCaP-AI cells. However, GO terms within the biological process domain that were only observed in the LNCaP-AI cells included the reproduction process, death, immune system process, multi-organism process, pigmentation and viral reproduction. The major genes in the different GO terms were TNFAIP8, RTN4, APP and SYNE1. Through analyzing the AR binding sites in the two cell types, the present study aimed to map potential AR-regulated genes, identify their associated transcription factors and provide a new perspective on the biological processes in the development of prostate cancer. The results provided a valuable data set that furthered the understanding of the genome-wide analysis of AR binding sites in prostate cancer cells, which may be exploited for the development of novel prostate cancer therapeutic strategies.
Introduction
The androgen receptor (AR) is a member of the nuclear receptor superfamily that functions as a ligand-dependent transcription factor and plays an important biological role in the male phenotype and prostate cancer biology. Prostate cancer was originally identified as an androgen-dependent tumor, whose growth and survival were under the control of AR signaling (1) . Androgen deprivation therapy is initially effective for inhibiting the growth of prostate cancers by suppressing AR activity (2) ; however, the possibility of recurrence is relatively high and the recurrence is associated with androgen independence (3) . Despite a loss of response to antiandrogens, there are data indicating that AR signaling continues to function in castration-resistant prostate cancer (CRPC). The mechanisms include: i) AR following an adaptive process by an activating mutation or multiplication in response to androgen deficiency (4) (5) (6) ; ii) AR regulating other signaling pathways to execute the procedure of self-activation (7); and iii) transcription activities of AR activated by AR signals. Additionally, alternative signaling pathways may result in the activation of the AR (8, 9) . These observations support a strong selective pressure to maintain AR-regulated signaling pathways in castration-resistant forms of the disease.
Previous studies have aimed to identify androgen-regulated genes or AR genomic binding sites (10) (11) (12) . In the process where androgen-dependent prostate cancer (ADPC) turns into androgen-independent prostate cancer (AIPC), the effect of an activated AR and associated gene differential expression remains unclear. The AR may be found in different binding molecules within the nucleus in the development of prostate cancer (1); therefore, a detailed map of AR-regulated genes and AR genomic binding sites in the hormone-naive and CRPC forms of prostate cancer is required. To determine the changes between AR-dependent and AR-independent chromatin accessibility, chromatin immunoprecipitation in combination with direct sequencing (ChIP-seq) was performed on the well-established LNCaP androgen-sensitive prostate cancer cell line and the long-term LNCaP-AI androgen-deprived cell line, following hormone induction. A high-throughput elucidation of these sites allowed for a deep understanding of the complexities of this process. In the present study, an interdisciplinary approach was taken to successfully discern direct gene targets of the AR. The results indicated that AR genomic binding sites in LNCaP-AI cells exposed to 10 nM dihydrotestosterone differ compared with those in LNCaP cells. The aim of the study was to provide an essential reference for the development of novel biomarkers and potential diagnostic biomarkers to improve the current methods of therapeutic intervention and treatment.
Materials and methods
Cell culture. The prostate cancer cell line, LNCaP, was obtained from the American Type Culture Collection (Manassas, VA, USA) and routinely cultured in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum (FBS; Gibco Life Technologies, Carlsbad, CA, USA) at 37˚C in 5% CO 2 . The establishment of an androgen-independent cell line (LNCaP-AI) was conducted as previously described (13) . The LNCaP-AI cells were grown under phenol red-free DMEM with 10% dextran-charcoal stripped FBS (dcc-FBS; Gibco Life Technologies) (14) .
ChIP assay. ChIP assays were performed using an EZ-Zyme™ Chromatin Prep kit (17-375; Millipore Corporation, Billerica, MA, USA) and a Magna ChIP™ A-Chromatin Immunoprecipitation kit (17-610; Millipore Corporation). The cells were cultured in dcc-FBS medium without phenol red for 3 days prior to stimulation with 10 nM dihydrotestosterone (Sigma-Aldrich, St. Louis, MO, USA) for 24 h. Approximately 4x10 7 cells were used for the ChIP assay. Chromatin was prepared from the LNCaP and LNCaP-AI cells (~4x10 7 ), according to the manufacturer's instructions. The cells were fixed with 550 µl formaldehyde (1%) for 10 min at room temperature, and glycine (2 ml) was added to quench the unreacted formaldehyde. The fixed cells were resuspended in 450 µl EZ-Zyme lysis buffer containing 5 µl protease inhibitor cocktail. Subsequently, the nuclei were collected by centrifugation at 2,500 x g, and resuspended in 150 µl digestion buffer (#17-375; Millipore Corporation). Samples were sheared to an average DNA length of 100-500 bp using 10 µl EZ-Zyme enzymatic cocktail. The lysates were rotated at 4˚C overnight with 10 µl rabbit polyclonal AR antibody (#17-10489; Millipore Corporation). Protein G beads (50 µl; #88848; Life Technologies, Carlsbad, CA, USA) were added and incubated for 2 h, after which the precipitates were eluted from the beads with 100 µl ChIP elution buffer. Cross-links were reverted by heating at 62˚C overnight, and DNA was recovered using a QIAquick Polymerase Chain Reaction Purification kit (Qiagen GmbH, Hilden, Germany).
ChIP-seq data analysis. ChIP DNA fragments were processed for deep sequencing at a 49-bp read length on the Illumina Genome Analyzer System (Illumina HiSeq 2000 platform; Illumina, Chesterford, UK). Sequence tags were obtained and mapped to the human genome using the Solexa Analysis Pipeline (Illumina). The output of the Solexa Analysis Pipeline was converted to browser extensible data files for viewing the data in the University of California at Santa Cruz (UCSC) genome browser. Model-based analysis for ChIP-seq (MACS) (15) was used with default parameters to detect the statistically significant peaks of mapped reads. The results were mapped to human genome version 19 (hg19), and the peaks were denoted as high-confidence AR binding sites (ARBSs). The high-confidence ARBSs were each split into five categories according to the peak locations, namely an intragenic region, exons, introns, upstream 20 kb and downstream 20 K. To calculate the distance to the transcription start sites (TSS), annotations from the UCSC genome browser were used. The data were available from the National Center for Biotechnology Information Gene Expression Omnibus under the accession number GSE44800. Using a stringent P-value cutoff of 0.00001, 2,800 AR ChIP-enriched regions were identified as significant ARBSs.
Motif scanning and identification. To determine the motif enrichment in regions of AR bound sequences, Multiple EM for Motif Elicitation (MEME; version 4.6.1) transcription factor binding site motif identification software was used (16) . MEME is a web-based tool for analyzing motifs in large DNA data sets. The software performs de novo motif discovery, motif enrichment analysis and motif location analysis, providing a comprehensive image of the DNA motif in the LNCaP and LNCaP-AI sequence tags (17) . The matching criterion was set at a likelihood ratio (LR) of ≥500, and matched matrices with a LR of ≥500 were tabulated. MEME also compared each of the matched matrices with each of the motifs in the JASPAR CORE database.
Gene ontology analysis. The Blast2GO suites were used to determine gene ontology (GO) function categories, while GO enrichment analysis was performed using Web Gene Ontology Annotation Plot (WEGO) software (18) . The observed number of differentially expressed transcripts in each GO category was compared with the corresponding number in the UniGene database (http://www.ncbi.nlm.nih.gov/unigene/) to assess the significant over-representation of differentially expressed transcripts in the GO categories. Statistical significance of over-representation for each GO category was determined using Pearson's χ 2 test, where P<0.05 was considered to indicate a statistically significant difference. For LNCaP and LNCaP-AI samples, the genes bound by the AR in an exon or intron region of the gene or, at most, 50 K upstream of the TSS or 50 K downstream of the 3'-untranslated region, were collected into separate lists. The gene lists were subsequently used to identify statistically over-represented GO terms with WEGO. GO has three domains, namely molecular function, cellular component and biological process. The basic unit of GO is a term, and each GO term belongs to one of the three domains.
Results

Global identification of direct AR-regulated genes.
In order to identify direct AR-regulated genes in the two cell lines that represented distinct molecular subtypes of prostate cancer, the ligand-dependent (LNCaP) and ligand-independent (LNCaP-AI) subtypes, ChIP-seq of the DNA from anti-AR ChIP was performed. To improve the sensitivity of the approach, the AR ChIP-seq in the two cell lines were performed in the presence of dihydrotestosterone in the two cell lines. Using ChIP-seq, 31,115,845 sequence tags in the LNCaP cells and 9,414,950 sequence tags in the LNCaP-AI cells were obtained, which were mapped uniquely to hg19 allowing two mismatches. By generating peak range scanning with the use of MACS software, 9,021 and 4,949 peaks were obtained in the LNCaP and LNCaP-AI cells, respectively, which were confirmed with the Poisson Distribution Model (P<0.00001). The distribution character of these peaks is presented in Fig. 1 . Using model-based analysis for ChIP-seq, 4,143 ARBSs were identified in LNCaP cells and 2,380 AR binding regions were identified in LNCaP-AI cells, based on a stringent false discovery rate (FDR) of 0.05. LNCaP cells were found to have a greater number of higher affinity ARBSs compared with LNCaP-AI cells, which is consistent with a previous study in which androgen signaling activity was demonstrated to be decreased in AIPC compared with ADPC (19) . As shown in Fig. 2 androgen-responsive genes in the LNCaP and LNCaP-AI cells, GO category enrichment analysis was applied using Fisher's exact test with an FDR cutoff adjusted to P≤0.01. In the LNCaP cells, 1,797 genes were clustered into the biological process category, 1,996 genes were classified in the molecular function category and 2,061 genes were sorted into the cellular components domain. In the LNCaP-AI cells 1,231 genes were categorized into the biological process domain, 1,370 genes were sorted into the molecular function category and 1,414 genes were divided into the cellular components domain. In the biological process category, a number of different GO terms were identified between the LNCaP and LNCaP-AI cells, including the reproductive process, death, immune system process, multi-organism process, pigmentation and viral reproduction (Fig. 3) . Table I lists the genes in the various GO terms. In the molecular function category, different GO terms associated with structural molecular activity, receptor regulator activity and antioxidant activity were identified between the LNCaP and LNCaP-AI cells. However, the GO terms in the cellular component domain were consistent between the LNCaP and LNCaP-AI cells.
Identification of AR enrichment consensus in the AR binding regions.
To define whether the AR binding regions in LNCaP or LNCaP-AI cells have their own specificity and enriched binding motif, it was essential to rank all the peaks in LNCaP and LNCaP-AI cells according to enrichment, from highest to lowest. Subsequently, 100 peaks with a high level of statistical significance were identified in the two cell lines by analyzing the DNA-binding motifs using MEME software. In the LNCaP cells, six motifs were detected with a good statistical significance, while in the LNCaP-AI cells different sequences of six motifs were obtained. The Newick tree format is built based on the association between all 12 instances of motif, which resembles genealogy, as shown in Fig. 4 . Using TOMTOM software, it was easy to infer DNA-binding motifs from the JASPAR database, which shared a high level of homology with the 12 instances of motif obtained (Table II) .
Categorization of AR binding regions identified by ChIP-seq based on their distribution to genes.
The aim was to determine the location of the AR binding regions relative to the TSSs of the closet androgen-responsive genes. Subsequently, the frequency across the distance intervals prior to and subsequent to the TSS for every 2 kb were tabulated. 
Discussion
AR is a nuclear receptor that has been recognized as a major factor involved in prostate tumor genesis (20) . A number of studies have shown that the majority of CRPC cases express AR and androgen-responsive genes (21, 22) . The role of AR in prostate cancer progression is to promote the expression of specific target genes. The present study aimed to define AR binding sites in ligand-dependent and ligand-independent prostate cancer by performing ChIP-seq analysis in cell line models of ADPC and AIPC. Genomic localization of the AR binding sites indicated that the majority of the androgen regulation was mediated by the binding of AR to the distal intragenic elements and intronic regions, as previously suggested (11, 12, 23) . A total of 2,796 and 1,854 actively transcribed target genes regulated by AR were identified in the LNCaP and LNCaP-AI cells, respectively. Comparisons between the cell lines demonstrated that there was a rare overlap of genes between the cell lines. The small overlap appeared to be a consequence of intrinsic differences, such as AR binding of other transcription factors (24) . GO analysis of these genes revealed that there was significant overlap between GO terms in the LNCaP and LNCaP-AI cells. However, GO terms within the biological process domain that were only observed in LNCaP-AI cells included reproduction process, death, immune system process, multi-organism process, pigmentation and viral reproduction. The genes in the different GO terms included TNFAIP8, RTN4, APP and SYNE1 (Table I) . TNFAIP8 is known to have oncogenic properties and is overexpressed in numerous cancer types (25, 26) . Furthermore, TNFAIP8 expression is significantly associated with a higher risk of prostate cancer recurrence (27) . A previous study demonstrated that APP expression levels correlated with the extent of disease and the prognosis in several forms of cancer (28) . In addition, SYNE1 is a promising biomarker in colitis-associated colorectal cancer (29) . As previously suggested, RTN4 contributes to the susceptibility of cervical squamous cell carcinoma (30).
In conclusion, these studies have provided new insights into the DNA sequences to which the AR can bind. Furthermore, AR cooperating transcription factors have been identified and thousands of potential AR-regulated genes have been mapped, providing insight into the biological processes regulated by the AR. In addition, the present study has added a number of candidate genes, including TNFAIP8, RTN4, APP and SYNE1 (Table I) . However, further studies are required to clarify the function of the candidate genes, which may aid understanding into the molecular mechanisms underlying the transition from ADPC to AIPC. Subsequently, the candidate genes may aid the development of novel strategies for therapeutic intervention or serve as biomarkers of different cancer stages.
